Abstract: The performance of a ground level reactive cell, filled with Fe 0 , designed for the treatment of water contaminated by chlorinated solvents, having a total input concentration of approximately 2 mg l −1 of the principal contaminants trichloroethene and perchloroethene, was tested at the Milovice site in the Czech Republic. A residence time of 1.62 days in the box was sufficient to reduce concentrations to a fraction less than 0.015 of the initial concentration. However, incomplete degradation of cis-1,2-DCE was observed. Reactions approximated first-order kinetics. The principal changes of concentrations of inorganic dissolved species in the reactive cell occurred for Ca 2+ , HCO − 3 , NO − 3 (decreased) and for Fe (initially increased, then decreased). Changes for Ca 2+ and HCO − 3 were caused by the precipitation of secondary carbonate mineral phases such as aragonite and siderite with the minor presence of green rust-CO 3 . Concentration changes were gradual, along the complete length of the cell with a maximum at the inlet zone. The observations were attributed to minor increases of pH and slow kinetics of precipitation in the carbonate-buffered system. The average porosity loss was estimated to be approximately 2.7 % of the initial porosity per year, suggesting the long-term function of the permeable reactive barrier.
Introduction
The application of zero-valent iron, Fe 0 , in permeable reactive barriers (PRBs) has become a popular remediation technology in recent years. The technology is used primarily for remediation of water polluted by chlorinated solvents, but remediation of redox-sensitive inorganic contaminants, such as chromium and arsenic, is also possible. The application of the PRB approach is a passive remediation technology with high capital costs, but with low maintenance and monitoring costs during operation.
To date, only limited data has been published on long-term performance of PRBs, especially with respect to the precipitation of secondary minerals, which may seriously restrict the longevity of PRBs [1] [2] [3] [4] . However, research of the rate and distribution of precipitates in PRBs is necessary for the prediction of PRB longevity and for improvement of PRB performance.
Several phases were determined to precipitate in the process of anaerobic corrosion of Fe 0 in PRBs, including aragonite, siderite, and mackinawite [3, 5] . Furthermore, CO 3 -green rust was also assumed to be an important secondary phase [6] . Maximum precipitation generally occurs near the inlet face of a PRB and the quantity of precipitation decreases inwardly relatively quickly [5, 7] . However, these observations were made at a limited number of sites. The nature of the precipitates depends strongly on the composition of the background ground water and significant differences can exist among contaminated sites.
This manuscript focuses on reactions in an above ground box filled with Fe 0 at the Milovice site in the Czech Republic. The site is located northeast of Prague and was contaminated by chlorinated solvents leaking from military facilities of the Soviet Army in the period from 1968 to 1991. Total concentrations of chlorinated solvents are about 2 mg/L. Background ground water at this site is of the Ca-HCO 3 type and has high Ca, alkalinity (up to 6.6 mmol/l as HCO 3 ), and sulfate concentrations and, thus, a high potential for precipitation of secondary mineral phases. The aims of this work were: (1) to verify the potential for remediation of chlorinated solvents by selected Fe 0 material, (2) to determine mineral phases precipitating in reactive material or present in suspension, and (3) to determine the precipitation rate of secondary minerals.
Site description
The pilot-scale test was conducted at a former military base, Milovice, in the Czech Republic (Fig. 1) . The site is located northeast of Prague and the groundwater contamination dates back to the late 1960s when the Soviet Army base initiated operation of a chemical dry cleaning operation. Groundwater is contaminated with volatile organic compounds including tetrachloroethene (PCE), trichloroethene (TCE), and cis-1,2-dichloroethene (cis-1,2-DCE).
Groundwater at the site generally flows from northeast to southwest with an average flow velocity of 20 cm·day −1 . The depth to the ground water table varies from 2 to 5 m below the surface of the ground and the saturated thickness of the aquifer varies from 5 to 11 m. Groundwater remediation began after the Soviet Army left the site in the beginning of 1991 and has been in continuous operation until the present. A detailed monitoring network of subsurface sampling points was installed during this period to investigate spatial and temporal trends of contamination. A classical "pump and treat" method was used until recently for the reduction of the concentration of dissolved chlorinated ethenes to less than 2.5 mg/l. However, it was impossible for that technology to achieve remediation goals during an acceptable time period; therefore, implementation of PRB technology was considered. 
Materials and methods

Materials
Zero-valent iron having a Brunauer, Emmett, Teller (BET) method surface area of 0.1 m 2 ·g −1 , a bulk density of 4.5 g·ml −1 , and a porosity of 0.4 was obtained from Kovobrasiv Mnisek Ltd., Czech Republic. The bulk density was determined by weighing the material placed into a 500 ml calibrated cylinder and the porosity was measured by weighing water poured into the same cylinder filled with the material to be tested. According to the manufacturer, the composition of the material was: C (0.75 -1.20 %), Mn (0.60 -1.10 %), Si (0.60 -1.10 %), S (max 0.04 %), and Fe (remainder). Groundwater was pumped from well HV 1040, located near the center of a plume of chlorinated ethenes. The average concentration of chlorinated ethenes in the pumped groundwater were (in mg/L): cis-1,2-DCE (0.08-0.09), TCE (0.5-0.6), and PCE (0.7-1.1).
Reactive box
A reactive box with internal dimensions of 1.5 × 1 × 1 m (l × w × h) was constructed for pilot scale testing (Fig. 2) . The over-flow edge and a 15 cm long zone filled with fine sand at the entry side were designed to properly distribute tested groundwater over the complete box width. The reactive zone in the center of the box, where granular iron was placed, had dimensions of 0.6 × 1 × 1 m (l × w × h). The outlet zone at the right side was filled with gravel. The entire box was then covered by a geo-textile and a 15 cm thick layer of bentonite and sealed with a polypropylene cover. In order to protect water from freezing, the box was installed into a 1 m deep ditch with a 5 m length of drainage. A total number of 10 PVC sampling mini-wells (2.4 cm I.D.) were installed in box: two in the in-flow zone (U1), six in the reactive material (U2-U4) and two in the outflow zone (U5). All mini-wells were slotted at the lower end (20 cm) and sealed with a PVCrubber plug at the top. The mini-wells were positioned along the length of the box as follows: U1P-5 cm in front of the gravel-granular iron interface; U2P-5 cm, U3P-10.5 cm, and U4P-21 cm behind the interface; and, U5P-5 cm behind the limit of the reactive material.
Groundwater was pumped from well HV 1040, which is considered to be in the central zone of the contaminant plume. The flow rate was adjusted with a valve and a flow velocity from 20 to 100 cm·day −1 through the reactive material was maintained during the test. This flow velocity was consistent with field data from the Milovice site. For control, the flow rate was monitored with a sensitive mechanical flow meter at the inlet pipe and also at the outlet pipe.
Water sampling and analyses
Water samples were collected for organic and inorganic analyses from the mini-wells when steady-state conditions for a certain flow velocity were reached. A foot-valve pump (Eijkelkamp, The Netherlands) with a PTFE sampling tube (0.5 cm I.D.) was used for pumping water from each mini-well. An average of 50 mL of water were withdrawn to remove a dead water volume from the lower end of a mini-well (this part of water was discarded), followed by sampling of three, 24 ml samples (for chlorinated ethenes, anion, and cation analyses), a 40 ml sample (for methane, ethane, and ethene analyses), and a 50 ml sample (for dissolved inorganic carbon (DIC) determination). Samples for cation analyses were filtered through 0.45 μm cartridge filters (Sartorius, Germany) and acidified with concentrated ultrapure HCl (Merck, Germany) immediately after filtration. All samples were kept at 4
• C during transport and storage, with a maximum holding iron inlet outlet mini wells 60 cm time of two days before analysis except that samples for DIC and Fe 2+ were analyzed within four hours after collection.
Unfiltered and unacidified anion samples were analyzed for anion concentrations using ion chromatography (DIONEX ICS 1000, USA), analyses of cation concentrations on filtered and acidified samples were performed using an atomic adsorption spectrometer SpectrAA 220FS (Varian). A colorimetric technique with 1,10-phenanthroline and MerckNova 60 spectrometer was used for Fe 2+ determination. Concentrations of DIC were determined by an acid titration method with a bromocresol purple-methyl red color indicator. Analyses of chlorinated ethenes and light hydrocarbon gases (methane, ethane, ethene) were performed by a static headspace method using a ThermoFinnigan-Trace (Thermo, USA) gas chromatograph (GC) (with a flame ionization detector (FID). Dissolved H 2 analyses were performed by GC using a static headspace method and concentrations were determined by the method described by Chapelle et al. [8] . Prior to sample collection, field parameters, such as temperature, pH, oxidation-reduction potential (Eh), and electrical conductivity (EC), were determined for each sample using calibrated electrodes (WTW, Germany).
Geochemical modeling was performed using the program, PHREEQC-2 [9] . The standard database in PHREEQC was used for calculations. Saturation indices (SIs) were calculated as SI = log(IAP/K sp ), where IAP represents the ion activity product and K sp is the solubility product for a given mineral.
Core sampling and analyses
To consider the extent of corrosion and mineral build-up on the reactive material, two vertical cores were collected after 3 months and 28 days of operation. The first core represented the initial 5 cm at the inlet zone of the reactive material; the second core was collected at the outlet zone of the reactive material. The inlet zone core was portioned into three sub-samples for: (1) Scanning electron microscopy/Energy dispersive X-ray (SEM/EDX) analyses, (2) X-ray diffraction analyses, and (3) inorganic carbon (IC) determination. The outflow core was analyzed for inorganic carbon only. The core samples were stored in airtight vials filled with water collected from the reactive zone. Prior to the analysis of each core, samples were dried under vacuum.
SEM and EDX analyses were performed using a Cameca SX100 instrument (Cameca, France) with an integrated energy dispersive X-ray/orientation imaging microscope (EDX/IOM). X-ray diffraction analyses were performed using a STOE Stadi P (STOE, Germany) powder diffractometer with radiation source, CoK α 1 . Total inorganic carbon analyses of the core samples were performed with a TOC -5050A (Shimadzu, Japan) instrument.
Material in suspension observed in water from the reactive material zone was sampled after 2 months of operation. The suspended material was then analyzed by SEM and X-ray diffraction for determination of the mineral phases present.
Organic reactions
Chlorinated ethenes removal
Pilot-scale test results demonstrated that granular iron has a potential for remediation of chlorinated ethenes. The total concentration of chlorinated ethenes decreased approximately by a factor of 5 at a flow velocity of 37 cm/day (residence time of 1.62 days). The concentration changes of PCE, TCE, and cis-1,2-DCE in the reactive box are illustrated in Fig. 3 . Whereas concentrations of PCE and TCE decreased significantly, concentrations of cis-1,2-DCE showed a slight initial decrease followed by a significant increase at the outlet zone. This behavior is consistent with results reported by O'Hannesin and Gillham [1] and shows that cis-1,2-DCE is a product of PCE and TCE dehalogenation. The flow velocity of 37 cm/day is approximately 2 times higher than a typical groundwater flow velocity at the site. Concentrations of other potential products of polychlorinated ethene degradation, for example, the concentration of vinyl chloride (VC), was below the detection limit (<5 μ·g/L). The non-detectable VC concentration could be explained either by a reductive dechlorination pathway eliminating PCE and TCE to form acetylene and subsequently forming ethene and ethane, without the intervening complete decay of VC formation, or, by the fact that a cis-1,2-DCE sequential degradation to form VC did not occur during the given residence time in the reactor. The fact that no VC was formed is favorable for two reasons: (1) VC is a proven carcinogen and its presence in ground-water is therefore undesirable, and (2) VC is highly recalcitrant in anaerobic subsurface environments. 
Concentrations of hydrocarbon gases and hydrogen
Ethane and ethene, together with chloride ion, represent the final dehalogenation products of chlorinated ethenes. Therefore, equilibrium concentrations of the gases in treated groundwater were determined and presented in Table 1 . A significant enrichment of ethane occurred throughout the entire reactive zone length, whereas concentrations of ethene increased slightly in the first 5 cm, then decreased in the middle of the reac-tive zone. Concentrations at the outflow were comparable to those at the granular iron interface. When molar concentrations of ethane and ethene were compared to concentrations of their probable parent compounds, PCE, TCE, and cis-1,2-DCE, a relatively good fit existed between the decrease in total chlorinated ethenes (see column "CHC decr". in Table 2 ) and the enrichment in ethane and ethene (see column "Gases enrich." in Table 2 ). The findings are consistent with the results of other studies (for example [10] ) and confirm the assumption that dechlorination of chlorinated ethenes appears to be complete with ethane and ethene as the final carbon-containing compounds.
A significant enrichment of water by methane was observed in the samples from the reactive zone. The reason for the increased methane concentration is not clear, but this may be either a consequence of hydrogenation of carbon impurities in the iron or a result of CO 2 reduction by hydrogen evolved by anaerobic corrosion of iron [11] .
Anaerobic corrosion can be described as
Equilibrium concentrations of hydrogen in treated groundwater are provided in Table 1. An increase of hydrogen concentration is apparent in the first 10 cm zone. The reduced concentration at the outlet (0.5 μmol/l) may be due to high hydrogen diffusivity that drives hydrogen out of the box. For this reason, the corrosion rate constant of Fe 0 cannot be derived from hydrogen concentrations by the approach described by Reardon [12] .
Hydrogen concentrations found in the box are three orders of magnitude higher than normal concentrations found in subsurface environments where natural attenuation processes occur [8] . This observation may explain why dehalogenation of chlorinated ethenes in PRBs is completed with ethane as the final product compared to natural attenuation sites where ethene is often found in high concentrations [13] [14] [15] . 
Kinetics
The kinetics of degradation of chlorinated ethenes is usually assumed to be first-order [16] . This simplification is acceptable for narrow intervals of contaminant concentrations. More complex kinetic models should be used when the concentration of the compound to be removed is large [17] . The bulk rate is proportional to the specific surface area of iron. Therefore, the calculated first-order rate constant was converted to the surface-normalized rate constant to provide a baseline for comparison with other studies. Conversion was accomplished using equation 2 [6] :
where, k sa , is the surface area normalized rate constant (ml·h 
The first-order rate model for the degradation of PCE and TCE was fitted to the concentration-residence time data illustrated in Fig. 3 . The results are shown in Fig. 4 . High values obtained for the coefficient of determination, R 2 , (0.99 for PCE and TCE) suggest that the first-order kinetic model represents well the dehalogenation. The kinetics of the dehalogenation of cis-1,2-DCE cannot not be fitted to the model because this compound is being produced and degraded simultaneously. The surface area-normalized rate constants determined for PCE and TCE are 0.23 ml·m −2 ·h −1 for PCE and 0.34 ml·m −2 ·h −1 for TCE, respectively. The results are consistent with data presented in other research [16, 17] , even though a different experimental set-up was employed.
Inorganic reactions
Field parameters
Parameters measured in the field are summarized in Table 3 . There was practically no difference in inorganic parameters determined for different velocities; thus, all inorganic parameters and concentrations of inorganic species presented here represent a velocity of 37 cm·day −1 , e.g. for a residence time of 1.62 days in the reactive material. The background groundwater pH was 7.33. There was a moderate increase of pH at the entry of the cell to a value of 7.52 and the pH of the outflow water further increased to a pH value of 7.8. However, these values are far below pH levels above 9.0 that are frequently observed in Fe 0 material . The background ground water value of Eh, corrected with respect to a H 2 electrode, was 320 mV, indicating a moderately reducing environment. In the PRB, these values dropped to -165 mV and became stable around this value. The maximum value of electrical conductivity (EC) in background ground water reached a value of 951 μS·cm −1 .
Subsequently, the EC values decreased almost linearly in the cell and reached 584 μS·cm
in sand a few cm behind the reactive zone. The temperature varied from 9 to 11 • C. 
Concentrations of inorganic species: sources and sinks
Representative concentrations of inorganic species are presented in Table 4 . Significant decreases in concentration were observed only for Ca 2+ , HCO − 3 and NO − 3 while Fe total initially increased and then decreased in concentration. Decreasing concentration of Ca indicated precipitation of carbonates like calcite or aragonite, consistent with a simultaneous decrease in bicarbonate concentration. However, a portion of bicarbonate was transferred to the carbonate reservoir due to increasing pH. Thus, a better indicator of carbon precipitation is dissolved inorganic carbon (DIC). The gradually decreasing concentrations of bicarbonate were observed in the entire reactive cell and not only close to the cell inlet face. Concentrations of NO 3 were reduced by nitrate reduction in contact with Fe 0 . In contrast, concentrations of sulfate were almost constant along the cell, indicating that sulfate reduction and precipitation of secondary sulfides did not occur. The slightly increasing Mn concentrations observed were related to its release from Fe 0 , in which Mn is present as an accessory component. Iron, present as Fe 2+ , is formed in the process of anaerobic corrosion. Concentration of Fe 2+ depends on the ratio between the rate of its formation and the rate of the precipitation of secondary minerals like siderite, FeCO 3 , and green rust-CO 3 .
Calculation of speciation and precipitation of minerals
Values of SIs for selected minerals are illustrated in Fig. 5 . Ground water at the Milovice site is already supersaturated with respect to calcite and aragonite at the entry to the reactive cell. The precipitation of aragonite is kinetically preferred to the precipitation of calcite [19] . Values of SIs decrease in the reactive cell, but they are positive at the outlet zone.
The ground water at the site was undersaturated with respect to siderite, FeCO 3 , at the entry to the reactive cell, but supersaturation was reached within the cell. An increasing trend of SI values was observed up to a distance of 21 cm in the cell, but the SI value at the outflow zone was lower. All samples are strongly supersaturated with respect to green rust-CO 3 , Fe(II) 4 Fe(III) 2 (OH) 12 CO 3 (all SI values were determined between +20 and +21, not shown) but thermodynamic data for this mineral phase are uncertain (Wilkin, personal communication) . Thus, aragonite and siderite seem to be the principal secondary phases and the presence of aragonite was confirmed by SEM/EDX analyses (Fig. 6 ) and by X-ray diffraction (Fig. 7) . X-ray diffraction also indicated the presence of green rust-CO 3 , but this phase occurred in a limited amount and did not appear to control the chemistry of water (see discussion). Conversely, detection of siderite was complicated by a high concentration of iron in the Table 5 , the theoretical amounts of precipitated aragonite and siderite, based on the assumption that all C which does not precipitate in aragonite precipitates in siderite, are presented. Between the entry of the cell (point 0) and the point at 21 (57 %), respectively, of the total precipitated C. The total amount of dissolved Fe, ΔFe diss , produced by the dissolution of Fe 0 (Table 5) was much higher than the measured dissolved Fe (Table 4) .
The theoretical amount of Fe produced in the reactive cell is based on the assumption that siderite is the principal Fe-secondary phase. If CO 3 -green rust, having a Fe:C ratio of 6:1, is an important secondary phase, then the amount of Fe produced would be even greater. 
Transport in suspension
A black/green suspension formed in the cell, which changed to orange in color after a short contact time with the atmosphere, suggesting the presence of Fe 2+ later oxidized to Fe 3+ . The suspension was retained on a filter and was analyzed by X-ray diffraction. Aragonite and quartz were identified as principal minerals (Fig. 9) . Quartz did not precipitate in the cell because dissolved Si concentrations were determined to be constant (not shown). Quartz appeared to be already present in suspension in background groundwater and quartz particles served as precipitation nuclei for other mineral phases. Fe-phases, also present in suspension, were not identified by X-ray analyses because they were amorphous or poorly crystalline. However, the presence of siderite was confirmed by SEM/EDX analyses (Fig. 10) . The amount of Fe in suspension was estimated by the difference between the unfiltered and the filtered sample. Both samples were acidified to pH of approximately 1.0. The total amount of Fe produced in the cell is a sum of the dissolved fraction, the fraction in precipitated minerals, and the fraction in suspension (Table 6) . A non-negligible amount of total Fe produced (up to 16 %) was present in the suspended fraction. 
Precipitation of secondary minerals in the reactive zone
Reactions in the cell (a) increase porosity by dissolution of Fe 0 and (b) reduce porosity by precipitation of minerals such as aragonite and siderite. The concentrations of dissolved Fe 0 and precipitated aragonite and siderite were estimated using the following parameters: flow velocity 0.37 m·day −1 , porosity 0.4, and bulk densities of Fe 0 , aragonite, and siderite equal to 0.142 mol·cm −3 , 0.034 mol·cm −3 , and 0.029 mol·cm −3 , respectively [3] . The calculation was performed for a cell with an entry face of 1 m 2 and it was assumed that the precipitation occurred evenly along the complete length of the cell segment. Masses of precipitated minerals were calculated initially on the basis of water chemistry changes. Subsequently, they were converted to the change in mineral volume, ΔV, values using mineral bulk densities. The values were finally converted to the change in porosity, Δn.
The data indicate that the porosity gain resulting from Fe 0 dissolution was much lower than the loss caused by precipitation of secondary minerals. However, the total loss of porosity caused by the accumulation of secondary minerals was relatively small, about 2.98% of the initial porosity per year within the first 21 cm of the cell (Table 7) . Assuming an initial porosity of 40%, the reduction in porosity was approximately 38.81% after one year. The precipitation rate decreased in the segment between 21 and 60 cm and the precipitate accumulated to 2.584% of the initial porosity (Table 7) , resulting in a porosity of 38.97% which is similar to the previous segment. A negative sign indicates dissolution of Fe(0), e.g. a porosity gain
Discussion
Most PRB studies demonstrated accumulation of secondary minerals at the entry to the reactive zone and a gradual migration of the precipitation zone downgradient [3, 7] . In contrast, our results also indicated the highest precipitation rate at the reactive zone entry, but a relatively high precipitation rate was also observed in the central zone and at the outlet zone. The concentration of total dissolved solids in ground water at the Milovice site is relatively high. However, ground water at the Denver Federal Center (DFC), Gate 2, also had a high value of alkalinity and sulfate concentration [3] . Thus, the principal difference is that the Milovice site has a much lower pH compared to the DFC site (7.8 compared to 9.9). The high carbonate buffering capacity of ground water at Milovice results in the reaction
and OH − generated by anaerobic corrosion is consumed. Also, the reactive surface of Fe other sites [1, 20] . The resultant lower corrosion rate combined with the high buffering capacity of water caused only limited pH increase. Thus, precipitation of secondary minerals was more evenly distributed and occurred deep in the reactive zone. High carbonate concentrations in groundwater with the resulting precipitation of carbonate minerals may result in limited, long-term performance of PRBs. Klausen et al. [4] observed enhanced reactivity of PRBs in water with high carbonate concentrations within the first 90 days, but poorer long-term performance.
Compared to other experiments [20, 21] , the secondary minerals assemblage was more monotonous. The possibility of green rust-CO 3 precipitation existed because the ground water was supersaturated with respect to the mineral phase that cannot be excluded on the basis of inverse geochemical modeling. For example, inverse modeling of the segment between 0 and 21 cm in the reactive zone performed using the inverse module of the program PHREEQC-2 yields the following mass balance equation:
Water at 0 cm + 1. Another difference between this study site and other sites is the lack of sulfate reduction at the Milovice site. Sulfate reduction is frequently observed in PRBs and results in precipitation of mineral phases such as mackinawite, FeS. Gu et al. [23] observed late onset of sulfate reduction (after approximately 2 months) in their long-term column experiments. They attributed the time lag to the slow growth of the microbial population necessary for sulfate reduction. Experiments at the Milovice site were conducted for more than 3 months and no signs of sulfate reduction were observed. The possibility of the influence of temperature existed because the box was located near ground level and the temperature in the box dropped below the common ground water temperature of 9
• C in December and January. In summary, a relatively monotonous assemblage of secondary minerals dominated by carbonates at the Milovice site is proposed to be a consequence of minor pH changes compared to many other sites. The observation is related to a low corrosion rate caused by the relatively small reactive surface of Fe 0 and also by the high buffering capacity of ground water. The precipitation of secondary minerals occurred along the complete length of the cell, which may be considered an advantage from the viewpoint of permeability reduction and hydraulic head build-up at the interface between the aquifer and the reactive zone. Conversely, the reactivity of the Fe 0 material used must be sufficient to reduce concentrations of chlorinated solvents to a certain limit. Thus, there is a tradeoff between the requirement of a high degradation rate for chlorinated solvents and the requirement of a minimal corrosion rate to counteract production of high pH values and precipitation of secondary minerals. Modeling of reactive transport [24] may aid selection of the appropriate material for a given ground water chemistry.
Conclusions
A ground level reactive cell filled with Fe 0 and having a length of the reactive zone of 0.6 m was used for remediation of chlorinated solvents. The total input concentration of the principal contaminants, TCE and PCE, was approximately 2 mg·l −1 . The residence time of 1.62 days in the box was sufficient to reduce concentrations to less than 1.5 % of initial concentrations. However, incomplete degradation of cis-1,2-DCE was observed.
Reactions approximated first-order kinetics. First-order constants, scaled for the Fe 0 specific surface in unitls of m 2 ·ml −1 , were consistent with data from the literature.
The principal changes of concentrations of inorganic dissolved species in the reactive cell occurred for Ca, HCO concentrations were linked to the precipitation of secondary carbonate mineral phases such as aragonite and siderite. Water was supersaturated with respect to green rust-CO 3 . However, its control of water chemistry by green rust-CO 3 is not consistent with the back-calculated equilibrium iron concentration.
Concentration changes were gradual along the complete length of the cell, but a precipitation maximum existed at the entry zone. The relatively slow precipitation rate was probably related to minor increases in pH (from 7.3 to 7.8) and the slow kinetics of precipitation in the carbonate-buffered system. A non-negligible fraction of precipitates was carried in suspension (up to 16 % of total Fe produced). Precipitation of secondary carbonates, such as aragonite and siderite, was confirmed by solid-phase analyses using Xray and SEM/EDX, inorganic carbon analyses for the solid phase, and also by the results of speciation geochemical modeling. Porosity loss was estimated to be approximately 2.9 % of the initial porosity per year in the entry zone. The same value was approximately 2.5 % in the central zone. This is a relatively small fraction of the total initial porosity, which does not prevent the long-term term function of PRBs. Less reactive Fe 0 material, which combined with the high buffering capacity of water, resulted in minor increases of pH, and may be an advantage for the long-term performance of PRBs.
